Based on experiments carried out in JET in D:T mixtures varying from 100:0 to 5:95 and those carried out in hydrogen plasmas, the isotopic mass dependence of ELM parameters and the edge pedestal pressure in neutral beam (NBI) and ion cyclotron resonance (ICRF) heated Hmode plasmas is presented. The ELM frequency is found to decrease with the atomic mass number both in ICRH and NBI discharges. However, the frequency in the case of ICRH is about 8 -10 times higher than in the NBI case. Assuming that ELMs occur at a critical edge pressure gradient, limited by the ballooning instability, the scaling of the maximum edge pressure is most consistent with the assumption that the width of the transport barrier scales as the ion poloidal Larmor radius governed by the average energy of fast ions at the edge. The critical edge pressure in NBI heated discharges increases with the isotopic mass which is consistent with the higher deduced width of the edge transport barrier in tritium than in deuterium and hydrogen. The critical edge pressure in ICRH discharges is smaller, presumably, due to the smaller fast-ion contribution to the edge region. As a consequence of the edge pressure scaling with isotopic mass, the edge operational space in the n e -T e diagram increases with operation in tritium. If the evidence that the edge pedestal width is governed by the average energy of fast ions in the edge prevails, the pedestal in ITER would be controlled by the slowing down energy spectrum of α -particles in the edge.
INTRODUCTION
Edge localised modes (ELMs) [1, 2] in a tokamak plasma are MHD instabilities which occur during H-modes [3] and produce bursts of energy and particles that are ejected through the separatrix to the scrape-off layer and ultimately end up in the divertor or on the first wall. These transient bursts can, in some cases, produce high peak heat loads [4] [5] [6] and severe erosion of the divertor target plates. This is a major issue for power and particle control in a reactor and makes the design of divertor target plates in ITER [7] a challenging task. ELMs are accompanied by spikes in the D α -emission, the observation of which is now popularly considered as evidence of the presence of an H-mode. During an ELM, there is a rapid loss of energy and particles from the plasma and the stored energy is found to be reduced by a maximum of about 10% of its value before the ELM. In steady state, the stored energy recovers in between the ELM events. Despite these deleterious effects, it is desirable to operate ITER in an ELMy H-mode as this regime can provide sufficiently high confinement and, more importantly, it is beneficial in preventing the uncontrolled build up of density, impurities and helium ash. In order to optimize and off-set the losses against the gains, an understanding of the behavior of ELMs and their control is of paramount importance in providing an experimental basis for the satisfactory operation of ITER.
The H-mode is characterised by the formation of an edge transport barrier together with an improvement in the core confinement. The barrier creates a large pressure gradient close to the edge of the plasma which provides a pedestal for the rest of the profile. The energy stored in an H-mode plasma can be considered to be constituted of two parts (i) the pedestal energy and (ii) the remainder which we term as the energy in the plasma 'core'. The turbulence in the core is found to scale as the gyro-radius similar to that expected from the gyro-Bohm transport model [8] . The pedestal energy is a significant part of the total stored energy [9] in neutral beam injection (NBI) heated discharges especially in ELM-free H-modes. The height and width of the pedestal can, in principle, be determined by the measurement of edge pressure profiles where a 'knee' in the profile is formed during H-modes. In this paper, we will investigate the scaling of the pressure on the top of the pedestal and assume that the large edge pressure gradient ∇p which develops over a region of width ∆ is limited by a MHD instability. We will show that the pressure at the top of the pedestal scales as the ion poloidal Larmor radius ρ L which is governed by the energy and mass of ions in the edge. A good knowledge of the scaling of the width and the height of the pedestal is important from the point of view of the prediction of the ITER edge operational space and energy confinement.
The theoretical understanding of the MHD physics of ELMs is at present incomplete and a number of models have been proposed to explain their occurrence. An excellent review of these models can be found in [2] . For the purpose of this paper, we confine ourselves to the idea that as a result of plasma heating leading up to the H-mode, the edge pressure gradient reaches a critical value ∇p crit dictated by the ballooning stability limit [10] [11] [12] [13] [14] . This edge pressure gradient contributes significantly to the bootstrap current. Moreover, the increased edge temperature also causes a significant Ohmic current due to the increased conductivity of the plasma edge. As the growth rate of the low-toroidal mode number external kink mode (also the so-called peeling modes) increases with the edge current [15, 16] , this mode becomes unstable [2] . However, at high pressure gradients and at high edge currents, the ballooning and external kink instability limits tend to merge and it is not clear which instability actually triggers the ELM. After the ELM, the edge pressure gradient and the edge current are reduced, thus the plasma becomes stable and the cycle repeats itself. The rate of recovery and the ELM period are controlled mainly by plasma transport (see e.g. [17] ).
The type of ELMs observed in a discharge depends on the plasma shape, the edge temperature and density, the proximity to the L-H transition, the edge pressure profile and MHD stability limits at the edge. Based on the experience of NBI discharges, an excellent discussion of the characteristics and classification of ELMs is given in [1] . It is believed that type I ELMs [1] are triggered when the plasma reaches the ideal Ballooning instability limit or by a low-n external kink mode. These ELMs feature a high pressure pedestal and the ELM frequency increases with power. However, type III ELMs [1] are believed to occur below the ideal instability limit and resistive ballooning modes may be implicated [2, 18] . These ELMs are associated with a low edge pedestal pressure, their frequency is higher and decreases with power ultimately transforming to type I ELMs at higher power [19] .
For the same power flux crossing the separatrix, the edge pedestal in ICRH discharges is generally smaller but the energy confinement is similar to that with beams as the contribution of the core is more dominant due to more peaked power deposition profiles. The existence of a low pressure pedestal in ICRH discharges causes some of the ELM features to be markedly different from those of the NBI. The ELMs produced by ICRH have higher frequency and lower amplitude. The repetition rate and amplitude of ELMs is relatively less steady as compared to beams.
However, other physical characteristics of ELMs, such as their dominant power dumping on the inner divertor leg, a sudden decrease in edge plasma parameters and a decrease in stored energy that are associated with ELMs are found to occur in both cases. But, in the case of ICRH, the perturbation of the above plasma parameters is typically 2-5 times smaller than with NBI [4] .
Recently, JET has carried out experiments in DT plasmas [20, 21] which were heated by NBI and ICRH. In these experiments, the isotope scaling of the H-mode threshold power, the energy confinement, ELM characteristics and the edge pedestal have been extensively studied as they constitute some of the most important issues to be resolved for a more accurate prediction of the ITER performance and the ignition margin. We note that the H-mode threshold power [19] is found to be independent of the heating method but ELMs and the pedestal characteristics do indeed depend on them. A detailed comparison of differences and similarities of ELMs and the pedestal in NBI and ICRH discharges has been presented elsewhere [22] . In this paper, we concentrate on the effects of isotopic mass on the parameters mentioned above. Experiments in D:T mixtures varying from 100:0 to 10:95 and those carried out in hydrogen plasmas permit us to study the effects of isotopic mass on the above parameters in a range extending from 1 to 3.
In section 2, we show JET experimental results on the pressure pedestal and on ELMs.
After a brief discussion of the plasma configuration, parameters and general characteristics of ELMy H-mode discharges heated with NBI and ICRH, we present the isotopic mass dependence of ELM frequency both for ICRH and NBI discharges. We then discuss the edge operational diagram together with the influence of isotopic mass on different limiting boundaries.
Subsequently we compare the experimental data with predictions of several different scaling laws in which the pedestal width is presumed to be related to the poloidal ion Larmor radius governed either by the thermal or the fast-ion energy in the edge. Experimental data on the edge electron pressure and its drop at an ELM are then presented followed by data on the scale length and the extent of electron temperature perturbations due to ELMs in H, D and T-plasmas. Finally, the plasma energy stored in the pedestal and its dependence on the isotopic mass are presented. The discussion and conclusions of the paper are in Section 3.
EXPERIMENTAL RESULTS

Plasma Parameters and Configuration.
For the experimental results presented here, we have selected ELMy H-mode discharges in hydrogen and deuterium-tritium D:T mixtures varying from 100:0 to 10:95. The main emphasis in this selection is to find representative discharges in H and D-T mixtures that have similar external parameters, plasma configuration and additional heating power. A detailed analysis of these discharges is then presented. For discharges heated by ICRH, after an extensive wall conditioning procedure, the working gas (H, D or T) or the required gas mixture is injected directly into the torus by a gas valve. For NBI heated discharges, the plasma mixture, in addition, is determined by the species used in the NB injectors. The injection energies for different species are: H°,120 keV; D°,140 keV or T°,155 keV. Generally, the configuration used in these experiments is JET divertor Mark IIAP [23] , single-null X-point, low triangularity (δ∼0.2) plasma.
The discharges have been obtained at toroidal fields varying in a range of B φ ∼1-3 T and plasma currents I P ∼ 1-3 MA. For ICRH discharges, a central minority heating scheme with hydrogen as the minority species is applied. The 4-strap A2 ICRH antennae [24] are operated in dipole (0π0π) phasing. Standard JET diagnostics for electron density (n e ), electron temperature (T e ), and ion temperature (T i ) have been discussed elsewhere [25] . The tritium concentration is measured by neutron emission analysis, Balmer emission spectroscopy, partial pressure measurements in the sub-divertor volume and neutral particle analysis [26] . The electron temperature profile is measured by electron cyclotron emission and covers generally the outer half of the plasma minor radius. The ion temperature profile and ion density profile are obtained from active chargeexchange spectroscopy [27] . The number of interferometer channels measuring n e is limited and the only channel covering the outer edge region is located at R = 3.75 m whereas the JET magnetic axis is at R 0 ∼ 2.9 m and the horizontal minor radius is ∼ 0.9 m. The plasma separatrix at midplane is generally located at around R = 3.81 -3.86 m depending on the discharge selected. Due to the absence of density measurements further out in the edge, the exact location and form of the density pedestal, the edge pressure profile and the edge pressure gradient are unknown. Moreover, even with edge density profiles recently available at JET, the absolute spatial accuracy of the measured profile data would limit the evaluation of the pressure profile.
The latter combines four measured profiles, where three of them (T e , n e , and T i /n i ) have independent radial scales. The absolute spatial accuracy required for a reliable evaluation of the pressure gradient would be ∼ 3 mm, or 0.08% of the major radius. In the absence of the required accuracy of measurements, we restrict ourselves to an investigation of the edge pedestal pressure at R = 3.75 m, though the pressure pedestal is presumed to be located at a somewhat larger radius. Calculated quantities, like the poloidal Larmor radius, are related to the same location at R = 3.75 m. In cases where the ion temperature data is not available, we discuss the results in terms of electron pressure p e only, implicitly assuming that p i = p e . For NB heated discharges, the radial profile of the average energy of the fast particles is obtained from the CHEAP code [27] . This code uses electron, ion and impurity density and temperature profiles as input data and then calculates the pressure and density profile of the fast particles by analytically treating the beam-target plasma interaction. The presence and onset of ELMs is generally detected by measuring H α /D α /T α -line emission along a vertical chord.
General Characteristics of ELMy Discharges heated with NBI and ICRH.
As an illustration, we show time traces of two discharges additionally heated by NBI and ICRH in Figures 1 and 2 respectively, where the D:T plasma composition was 5:95. In the discharge heated by NBI (T°-beam power = 10 MW), the measured diamagnetic plasma stored energy The discharge shown in Fig. 2 is heated at a power level of 6.8 MW using the ICRH Hminority heating scheme in tritium plasma at a frequency of 42.3 MHz. The diamagnetic stored energy reached about 4.8 MJ and the ITERH97-P confinement factor without subtracting the fast ion energy is about 1.5. In this discharge, the calculation of the fast-ion energy fraction evaluated by the PION code [29] has large error bars and it is estimated to vary between 35-54% and the thermal H97 confinement factor is estimated to be 0.69-1. The central electron temperature (see box 3) rose to 10 keV as the H-minority fast ions relax predominantly on the background plasma electrons.
The power crossing the separatrix P SOL is an important parameter influencing the ELM behavior. P SOL can be deduced by subtracting from the input power P in , the power radiated from the bulk P bulk and, in the case of NBI, the power lost due to shine-through and charge-exchange. The latter generally has large error bars. In calculating the P SOL in the steady-state part of the discharges shown in Figs. 1 and 2. we find that it is approximately equal in the two cases with a value ∼7 MW. But, the frequency of ELMs (D α -signal in box 5 in Fig. 2 ) is much higher with ICRH as compared to that with NBI. This difference is further confirmed [21] in ICRH and NBI discharges when the input power was equal, making P SOL even smaller in the case of NBI.
On a detailed examination of ELMs with ICRH, it is found that not only the frequency is higher but also the repetition rate and amplitude of ELMs is relatively less steady (see below). In addition, the amplitude of ELMs (D α -signal) with ICRH is generally smaller by a factor of about 5-10 as observed in a single shot with successive NBI and ICRH heating [4] . A fast 2-D infra-red camera has been used to measure the temperature evolution of divertor tiles [5] during ELMs in deuterium discharges. Illustrative examples showing a comparison of tile temperature evolution during ELMs with ICRH and NBI are given in [4] . Typically the peak tile temperature exceeds 1200°C with type I ELMs produced by NBI whereas with ICRH ELMs, it is less than 500°C .
The plasma density, temperature and pressure profiles of electrons measured by the LIDAR diagnostic are illustrated in Fig. 3 for three NBI heated discharges in hydrogen, deuterium and tritium (D:T=5:95) which have been used for isotopic comparison in this paper. The P in -P bulk for these discharges are 8.7, 9.5 and 7.3 MW respectively. The single null X-point plasma configuration in the three discharges is very similar to each other and the toroidal field (B φ ) and plasma current (I p ) values are 2.7T and 2.6MA respectively. The profiles in the case of hydrogen are time-averaged over 1 s whereas those for deuterium and tritium are averaged over 2 s. We note that the electron density profiles are rather flat in the main plasma especially those in deuterium and tritium plasmas. But, the density in the hydrogen discharge is lower by a factor of about 0.6 (see below). The electron temperature profiles are roughly about the same in the three shots. The corresponding electron pressure (p e ) profiles are shown in box 3 where it is seen that that p e is the highest in tritium plasma and the lowest in hydrogen throughout the profile. A set of three ICRH discharges, similar to the ones with NBI discussed above, has been used for comparison in which the B φ and I p are 2.6T and 2.6 MA respectively. For these discharges, P in -P bulk =6.6 MW. Plasma profiles, averaged over 1 s, for these ICRH discharges in D:T mixtures of 100:0, 45:55 and 5:95 are shown in Fig. 4 . We note that none of the parameters show a significant difference in the profiles of the three shots. However, the ELM frequency, though different in the three shots (see below), is about ten times higher than in the NBI cases and the electron pressure profile is more peaked due to the more peaked power deposition in the case of ICRH.
ELM frequency dependence on isotopic mass.
We Turning to the ELMs produced in ICRH discharges (see Fig. 6 ), we note that the frequency of ELMs is very high as seen by the scale of the time axis. The time behavior of ELMs varies from one ELM to the other and the frequency of ELMs decreases as one moves from D to T-plasmas. Note that during the time interval chosen for the display of D α -signal in Fig. 6 , the electron density is equal in the 3 discharges. At other time slices, the ELM frequency varied significantly but the frequency was on average smaller in tritium discharges than in deuterium.
However, over the full duration of the discharge, the spread in frequency at each isotopic mass is large [21] . This is often caused by sawtooth crashes which lead to a heat wave that travels from the centre to the plasma edge and by increasing the edge pressure transiently is affecting the ELM frequency [4, 22] .
Based on the above measurements and those of other discharges, the ELM frequency is plotted, in Fig. 7 , as a function of the isotopic mass both for NBI and ICRH discharges. In all cases considered, the input power was at least a factor of two higher than the H-mode power threshold manifested by the appearance of the transition ELMs. Note that in NBI and ICRH discharges, the ELM frequency decreases as the isotopic mass of the plasma mixture is increased. However, the frequency of ELMs in the case of ICRH discharges (see right-hand scale)
is about a factor of 10 higher than in NBI discharges. As we will discuss below, this may be related to the width of the edge pedestal and the level that the edge pressure can attain before an ELM is triggered. Based on neutral beam heated discharges, we also plot, in Fig. 8 , the ELM frequency as a function of plasma current in deuterium and tritium discharges. The power level is indicated in the figure. The toroidal field is increased in the same proportion as the plasma current (e.g. 1T/
1MA, 2T/2MA and so on) to maintain the same safety factor q. We find that the ELM frequency decreases as the plasma current is increased. This is for discharges in deuterium fairly consistent with a theoretical model [30, 31] where the ELM frequency is predicted to decrease as the square of the plasma current (see also [2] ), whereas for the tritium case the decrease of ELM frequency with plasma current is much weaker.
Effect of isotopic mass on the edge operational space.
It is well known that the H-mode performance depends sensitively on the plasma edge parameters. The edge operational or n e -T e diagram [32] [33] [34] [35] [36] [37] is a convenient way of characterizing the different operational regimes and events associated with the an H-mode discharge. These regimes have been identified as (i) L to H mode transition and transition ELMs, (ii) ELM-free Hmode (iii) Type I ELMs, (iv) Type III ELMs and (v) MARFE events (see e.g. Ref. [33] ). The above diagram is constructed by plotting the measured edge electron temperature T es and the edge electron density n es at a location in the plasma edge (close to but inside the separatrix)
or if the resolution and extent of the diagnostics permit, at the top of the pressure pedestal.
In JET, the above two parameters are taken at R=3.75m, as described in Section 2.1. Such a diagram for JET ICRH and NBI heated discharges is shown in Fig. 9 . As the input power is increased above the L-H threshold value, the transition from L to H-mode takes place [19] , at relatively low T es and n es values (see Fig. 9 ). This is accompanied by the occurrence of small 
FIG. 9. Edge operational diagram in T es -n es plane showing the JET experimental data of Type I ELMs in NBI heated D-plasmas at 12 MW of input power. The 8 MW data points in D-plasma (inverted open triangles) do not reach the type I ELM boundary whereas in 50:50 and 10:90 DT mixtures, type I ELMs are obtained at this power as shown. The open and solid circles/stars show the location of L-H transitions in this diagram under different conditions as indicated.
goes into the regime of type III ELMs. At very high gas puff rates, the edge temperature decreases below the value required for the L-H transition and the discharge ultimately falls back to the L-mode and finally disrupts after reaching the MARFE [10, 23, 38] limit.
At high edge temperature, it is assumed that the edge pressure gradient is limited by the ideal ballooning mode instability which, possibly on coupling to an external low-n kink mode, triggers a type I ELM. In Fig. 9 , we plot an experimentally fitted boundary for type I ELMs for deuterium discharges, and encroach into the shaded area, indicating that a higher edge pres-sure can be reached in tritium discharges. The above observation of higher p e in tritium discharges is consistent with the argument that type I ELMs occur at a fixed ∇p e crit provided the width of the edge pedestal increases with mass of the plasma ion species. The L-H mode threshold points shown (in the lower left-hand corner) show no marked difference either between ICRH and NBI data or D and T data [19] . The region of existence of type III ELMs is located around the nearly horizontal broken line in Fig. 9 and there seems to be no significant difference between deuterium and tritium discharges.
Scaling of the critical edge pedestal pressure
In the previous section we assumed that the edge pressure gradient is limited by its critical value for the ideal ballooning instability. In general the calculation of this limit is complex [10, 12] and its determination in a real tokamak geometry requires quite involved numerical computations [16] . But, in the case of a large aspect ratio tokamak with circular flux surfaces, these calculations are relatively straightforward. Commonly, the stability limit is presented in a s-α diagram where the magnetic shear s in a tokamak geometry is defined as s= (r/q)∇q and α = -(2µ 0 Rq
∇p crit is a measure of the pressure gradient responsible for the ballooning instability. Further, ∇q ≡ dq/dr, ∇p ≡ dp/dr, µ 0 is the vacuum permeability, q is the tokamak safety factor, R is the major radius and B φ is the toroidal field. Based on numerical computations, it has been found that in a significant range of the s-α stability diagram, the relationship is linear. Thus, a very simple model can be analyzed in which α ∝ s. However, for elongated and triangular plasmas this linear relationship is not valid. Analytical calculations show that α depends stronger than linear on s [39, 40] . We will use the simple approximation α ∝ s γ , where γ > 1. Furthermore, for reasons discussed in section 2.1, we approximate ∇p crit by p crit /∆. In this way, we define the width ∆ of the pressure pedestal or transport barrier. Using the definition of q and grouping the geometrical factors in the constant of proportionality, we obtain
By measuring the critical pressure p crit and plotting it in the n e -T e diagram we can test different models describing the dependence of the pedestal width on plasma edge parameters. A common model assumes that a radial electric field develops in the edge region and suppresses, due to sheared rotation, the fluctuation driven transport in the transport barrier. The width of this region is related to the region of charge separation due to loss of ions, which is of the order of the poloidal Larmor radius ρ L [41] . From there, the ansatz ∆ ∝ (AT) [36, 42] . Other approaches associate the charge separation to the penetration depth of neutrals into the edge plasma, which gives ∆ ∝ T e 1/2 /n e [43] or simply assume ∆ = constant.
In Fig. 10 we plot, for a series of NBI heated discharges in D plasma in which only the gas feed was varied (0 to 3.5×10 22 s -1 ) and which remained mainly in the type I ELM regime, the T es (keV) The scaling of the edge pedestal pressure is further evaluated for a number of NB heated JET discharges in which the safety factor q is held constant but B φ and I p are varied in a range of 1.7-2.9 T and 1.7-2.9 MA respectively. Also, the value of magnetic shear s at the edge is varied between 2.9 to 4 and the ion mass number between 1 to 3. These discharges were obtained without external gas fueling. The total edge pressure just before the occurrence of ELMs is then compared against the total pressure calculated using Eq. (1) with different assumptions on ∆ as discussed above. For illustration, we show the two best fits out of six used for comparison, one with ρ Lfast and the other with ρ Lthermal in Figs. 11 and 12 respectively. The squares in these two figures refer to the data taken at the maximum pressure before selected ELMs and triangles refer to an averaged pressure before all ELMs. For good agreement, the data should lie on a straight line. Among these two, it is seen that the scaling based on the ion poloidal Larmor radius determined by the fast ions in the edge (ρ Lfast ) gives the best fit. The average energy of the fast ions E fast at R = 3.75 m was calculated by using the CHEAP code (see section 2.1), which delivers for the discharges used in Figs. 11 and 12 an energy range of 11.2 -88.4 keV.
FIG. 10. Experimental T es, n es data (squares) of type I ELMs along the pressure gradient ballooning instability limit at 12 MW in D-plasmas is compared with several models of the width of the edge pedestal. The pedestal width is assumed to be equal to a power of the ion poloidal Larmor radius (ρ L ) determined by the thermal ions or the fast-ion averaged energy in the edge (ρ Lfast ).
Neutral refers to a pedestal width scaling governed by the ionization length of neutrals.
The same scaling with ρ Lfast has been obtained for hot-ion H-mode discharges [44] . However, two other scaling attempts which include in the data set gas fuelled discharges find a better correlation with ρ Lthermal [45, 46] . Whether this difference is caused by gas fuelling alone is currently under investigation.
We determined the exponent γ in Eq. (1) by testing the quality of the fit for γ = 1, 1.5, 2, 2.5 and 3. This test gave the best result for γ = 2. However, the values for s 95 are calculated by the equilibrium reconstruction code EFIT without taking the bootstrap current into account. Therefore, a prudent approach gives γ > 1 as the result of this fitting procedure. Using full MHD calculations for a different set of JET discharges shows that indeed α ∝ s γ with γ > 1 [47] . 
Behavior of the edge electron pressure during an ELM.
As mentioned before, we have assumed that at the occurrence of an ELM, the critical edge electron pressure gradient ∇p e crit is limited by the ballooning instability. For a fixed ∇p e crit , a ∆ increasing with increasing isotopic mass implies that a higher edge pressure can be achieved in tritium than in hydrogen discharges. Time The broken lines represent the average for the number of ELMs considered. As mentioned above, the edge electron pressure clearly increases with increasing isotopic mass. Additionally, Fig. 14 shows the averaged edge electron pressure for ICRH discharges in D, 50:50 DT and T-plasmas without identifying specific ELMs.
The drop in edge electron pressure increases strongly with increasing isotopic mass in NBI heated discharges. In ICRF discharges, these drops are found to be much smaller and usually within the measurement noise. 
Isotopic mass scaling of the edge electron pressure during ELMs.
Edge electron pressures for the above series of shots heated by NBI and ICRH are presented in Fig. 16 as a function of isotope mass for H, D, DT and T-plasmas. The data are normalised to the case I p = 1.8 MA using the relation ∇p crit ∝ I p 2 . From Fig. 16 , we note that for NBI heated discharges, p e crit increases with the isotope mass whereas in the ICRH case, the edge electron pressure is not only significantly smaller but it is practically independent of the isotopic mass.
During NBI heating, beam neutrals that do not penetrate to the plasma core create a population of energetic ions near the edge. If, as discussed in section 2.5, the transport barrier width is determined by the poloidal ion Larmor radius of the energetic ions, then for a given pressure gradient limit the edge electron pressure increases with increasing atomic mass of the injected species (p crit ∝ √A).
In the case of ICRH there is no direct fast-ion deposition at the edge. The pedestal width is expected to be smaller which results in a smaller edge electron pressure compared to NBI discharges. Despite the lower edge pedestal with ICRH, the steady-state total stored energy in both ICRH and NBI cases is the same. This is due to the fact that the power deposition profile with ICRH is more peaked than in the NBI case [22] .
A TRANSP analysis carried out on two comparable ICRH and NBI discharges shows that the effective diffusivities (χ eff ) are similar.
With NBI heating, the fast particle species changes when the beam species is changed from hydrogen to deuterium or tritium. In the case of ICRH discharges, the heated species is hydrogen and it is independent of the background gas. Therefore, no dependence of the p e crit on the isotope mass of the background gas is expected. An increased edge pedestal is also found in ICRH discharges with -90° phasing resulting from the significantly broader fastion pressure profile due to wave induced particle drift outwards [22, 48] . 
Isotopic mass dependence of the electron temperature perturbation during an ELM.
At the occurrence of an ELM, particles are ejected from the plasma and there is a drop in temperature and density at the plasma edge. The perturbation in the electron temperature is generally found to be highest in the type I ELM regime. In Fig. 17 , we present the ECE measured electron temperature drop as a function of major radius in a semi-log plot for NBI heated discharges in hydrogen, deuterium and tritium plasmas where the maximum of δT e has been taken in a time interval of δt < 1 ms after an ELM. The ECE data further into the edge are unreliable due to non blackbody radiation and are not shown. We note that the scale length of the amplitude drop is smallest in hydrogen plasma and increases as one goes from hydrogen to deuterium and tritium plasmas. Associating this scale length with the transport barrier width ∆ shows its increase with isotope mass as expected from the assumed scalings of ∆ with the poloidal Larmor radius. where W ped is obtained by integrating the pedestal pressure from the centre to the edge and W core is obtained by subtracting W ped from the total stored energy. Detailed confinement analysis based on JET discharges has been carried out in Ref. [9] and it has been found that the (a) the core is governed by gyro-Bohm transport (∼A m. We find that the pedestal energy increases with the isotopic mass and is qualitatively consistent with the scaling presented in Ref. [9] .
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DISCUSSION AND CONCLUSIONS
In this paper, we have presented experimental results on edge localized modes (ELMs) and on the edge pedestal observed in H-mode discharges in JET. The experiments have been carried out in single null X-point plasmas in hydrogen and in D:T mixtures varying from 100:0 to 5:95. The main auxiliary heating methods used are NBI and ICRH. We have concentrated on the isotopic mass dependence of ELM characteristics such as frequency, drop in edge pressure and the spatial extent of the electron temperature perturbation at the occurrence of ELMs. Also, the mass dependence of the critical edge plasma pressure has been investigated. A comparison of differences and similarities of ELMs and of the edge pedestal in ICRH and NBI heated plasmas is discussed elsewhere [22] .
A number of theoretical models have been proposed to explain the occurrence and characteristics of ELMs [2] . Since ELMs are accompanied by bursts of MHD activity, ideal and resistive ballooning modes, external kink modes and 'peeling' modes have been put forward as the underlying basis for the occurrence of ELMs. Also, limit cycle solutions of the transport equation governing the plasma edge region have been used which e.g. involve sheared rotational stabilization. In other theories, elements of both of the above have been combined with MHD or pressure driven fluctuation transport. For the purpose of this paper, we have confined ourselves to the idea that in H-modes, the edge pressure gradient reaches a critical value ∇p crit determined by the ballooning stability limit ∇p crit ∝ I p 2 .s γ where I p is the plasma current, s is the edge magnetic shear and γ >1. An ELM is accompanied by a drop in the edge pressure gradient. The edge plasma then becomes stable and the cycle repeats itself. The rate of rise of pressure (or the recovery) and the period of the cycle depends mainly on the plasma transport.
Furthermore, we have assumed that the critical edge pressure gradient ∇p crit can be simplified by ∇p crit = p crit /∆, where p crit is the critical pressure at the top of the pedestal and ∆ the pedestal width and that by analysing the scaling of p crit we find the scaling of the pedestal width ∆. In principle, one should be able to measure the edge pressure gradient and the width of the pressure pedestal, but due a lack of spatial resolution and accuracy of edge diagnostics, no such measurements are available at JET. The scaling found for the critical edge pressure is most consistent with the assumption that the pedestal width is proportional to the ion Larmor radius and the Larmor radius in turn is controlled by the fast ion population in the plasma edge. This result was obtained for NB heated discharges without external gas fueling.
These findings seem to be consistent with the low edge pressure observed in ICRH discharges with central plasma heating schemes in which there is no direct fast ion energy deposition in the edge. In fact, by deliberately depositing ICRH power at the edge by mixed central and off-axis heating, it was possible to increase the critical edge pressure. The higher the critical edge pressure, the larger is the drop in edge pressure at the occurrence of an ELM. The ELM frequency also decreases as the critical edge pressure becomes higher since during the ELM recovery cycle, more time elapses before the pressure reaches its critical value. This is consistent with the experimental fact that the ELM frequency in routine ICRH discharges is a factor of 8-10 higher than in the NBI discharges. Similar behavior is also found in NBI discharges in hydrogen where the edge pressure is low and the ELM frequency is higher.
In conclusion, the ELM frequency is found to decrease with isotope mass both in ICRH and NBI discharges. But, the frequency in the case of ICRH is about 8-10 times higher than the NBI case. This has a favorable consequence for ITER concerning the peak heat load on the divertor plates which in JET is smaller by a factor of 2-5 in the case of ICRH as compared to NBI. The pedestal width scaling presented here is different from that assumed in the ITER Final Design Report [49] . If the evidence that the edge pedestal width is governed by the averaged energy of fast ions in the edge prevails, the edge pedestal pressure during ignited regimes in ITER would be dictated by the slowing down energy spectrum of α-particles. Further dedicated experiments are planned to verify the reported scaling.
